The origin of mafic and ultramafic sills exhibiting different wholerock compositional profiles (e.g. I-, C-, D-, M-and S-shaped profiles) remains controversial. We have addressed this issue by revisiting three $100 m thick Siberian dolerite sills (Vavukansky, Kuz'movsky and Vilyuysky) that display remarkable internal differentiation. The Vavukansky sill has an M-shaped profile with prominent basal and top reversals showing inward increases in whole-rock MgO, Mg-number [100Mg/(Mg þ Fe)] and normative An content [100An/(An þ Ab)], followed by the Layered and Upper Border Series with inward decreases in these indices. The Kuz'movsky and Vilyuysky sills both show S-shaped profiles similar to the Vavukansky sill, but lack a top reversal. These whole-rock M-and S-shaped profiles are accompanied by similar profiles in mineral compositions. Plagioclase and, to a lesser extent, olivine show systematic inward increases in An content and Mg-number, respectively, across basal and top reversals.These compositional trends are followed by inward decreases in these ratios in the interiors of the Vavukansky and Kuz'movsky sills. Currently accepted models attribute whole-rock M-and S-shaped compositional profiles to crystal settling, compositional convection or compaction operating in closed systems. Our observations challenge these traditional interpretations because variations in mineral compositions observed in marginal reversals cannot result from closed-system fractionation. We suggest instead that initially the sills evolved as open systems that were slowly inflated by magmas that became gradually more primitive with time. The inflation was accompanied by in situ crystallization that preserved the preceding fractionation history of the injected magmas by forming basal and top reversals with minerals becoming more primitive inwards. This process culminated with rapid inflation of the sills to their current size owing to a major influx of primitive magma.
I N T RO D UC T I O N
Mafic and ultramafic sills provide some of the clearest insights into processes of magmatic differentiation operating in plutonic bodies because they usually show complete rock sequences, including chilled margins (and hence initial magma compositions). This permits a complete documentation of their phase, modal and cryptic layering. Different types of mafic^ultramafic sills have been identified on the basis of their mineralogical variations or whole-rock compositional cross-sections. Sills with I-, Slash-, C-, M-, S-and D-shaped compositional profiles are most common (Gibb & Henderson, 1992 Marsh, 1996; Latypov, 2003; Latypov & Chistyakova, 2009) (Fig. 1) . The term 'I-shaped profile' is commonly used for sills that show little petrographic and geochemical evidence of differentiation (Mangan & Marsh, 1992; Marsh, 1996) . The term 'Slash-shaped profile' applies to sills in which cumulates develop exclusively from the bottom upwards. The only rock sequence represented is a Layered Series. In sills with C-shaped profiles (Rice, 1981) cumulates grow from both margins inwards so that the rock sequence comprises both a Layered Series and an Upper Border Series, the former typically being 6^7 times thicker than the latter (Jaupart & Tait, 1995) . The development of a basal reversal at the floor of the sill, resulting in an S-shaped compositional profile, introduces an additional complication (Frenkel' et al., 1989; Marsh, 1989; Lo¤ pez-Moro et al., 2007) . In terms of the crystallization sequence and compositional trends, basal reversals present mirror images of the overlying Layered Series. In such sills the floor rock sequence comprises two coupled units: a basal reversal and a Layered Series. Sills with Mshaped profiles are the most complicated and include a further unit beneath the roof, referred to as a top reversal (Latypov & Chistyakova, 2009) . Like basal reversals, these are mirror images of the underlying Upper Border Series with regard to crystallization sequences and compositional trends. As a result, the roof rock sequence of such sills comprises two coupled units, a top reversal and an Upper Border Series. Finally, sills with D-shaped compositional profiles (Simkin, 1967; Henderson & Gibb, 1987; Gibb & Henderson, 1992; Marsh, 1996) arise when the rock sequence is exclusively composed of basal and top reversals (Latypov, 2003) . Such sills are characterized by the most primitive compositions in their centers and the most evolved composition at their margins.
The focus of the present study is the origin of M-and S-shaped compositional profiles in mafic^ultramafic sills. There are various explanations of these profiles. Crystal settling models ascribe them to gravitational settling of either intratelluric phenocrysts (Marsh, 1989; Ubide et al., 2012) or minerals that crystallized in the sills (Frenkel' et al., 1989; Worster et al., 1993; Ariskin & Yaroshevsky, 2006; Lo¤ pez-Moro et al., 2007) . In situ crystallization models attribute the profiles to a convective flux of chemical components into and out of a crystal mush within a thermal boundary layer (Jaupart & Tait, 1995; Tait & Jaupart, 1996; Latypov, 2003; Latypov & Chistyakova, 2009 ). Some models explain these profiles as a result of the redistribution of interstitial melt owing to either low-pressure zones in solidifying rocks (Aarnes et al., 2008; Galerne et al., 2010) or competition between compaction and solidification in the lower and upper parts of the sills (Boudreau & Philpotts, 2002) . Although they are very different, these models have two common characteristics. First, they were all developed to explain M-and S-shaped profiles exclusively in whole-rock compositions; no mineral compositions were used to discriminate between them. Second, all of these models implicitly considered maficû ltramafic sills as having crystallized under essentially closed-system conditions. The possible role of open-system conditions in the origin of the compositional profiles in sills has not been rigorously explored. In this study we fill this gap based on a detailed study of variations in mineral compositions across three dolerite sills from Eastern Siberia, Russia. In combination with whole-rock geochemistry, this study of mineral compositions provides some revealing insights into the origin of mafic^ultramafic sills with M-and S-shaped mineral and whole-rock profiles.
internal differentiation by Frenkel' and coworkers (Frenkel' & Yaroshevsky, 1978; Koptev-Dvornikov et al., 1979; Frenkel'et al., 1988 Frenkel'et al., , 1989 . The compositions of plagioclase, olivine and pyroxenes were determined at the Institute of Geology and Mineralogy, Novosibirsk, Russia using a Camebax Micro electron microprobe. Standard analytical conditions were 15 kV acceleration voltage, 10 nA beam current, 10 mm beam diameter, and counting times of 10^40 s. Natural and synthetic minerals were used as standards. Trace-element compositions of the rocks of the Vilyuysky sill were determined by inductively coupled plasma mass spectrometry (ICP-MS) at the Geoscience Laboratories of the Ontario Geological Survey in Canada. The accuracy of the measurement is within 10^12% relative. The certified reference materials BHVO-2, AGV-2, and GSP-2 were used as quality control materials for the analyses. A summary of the analytical method and long-term quality control data for these analyses have been given by Burnham & Schweyer (2004) and Burnham (2008) . Table 1 gives representative microprobe analyses of minerals from the three dolerite sills. Table 2 presents whole-rock major, trace and rare-earth element (REE) analyses of samples from the Vilyuysky sill. A complete set of whole-rock and mineral analyses for all samples is available online as electronic supplementary material (Supplementary Data Appendices 1^3, available for downloading at http://www.petrology.oxfordjournals. org). The detection limits for trace elements are listed in Supplementary Data Appendix 3.
S I B E R I A N T R A P M AG M AT I S M
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EGOROVA & LATYPOV MAFIC AND ULTRAMAFIC SILLS
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River. Below we describe the geology, petrography and chemical features of these three sills. The sills are remarkably similar petrographically; representative textures are shown in Fig. 3a^f .
T H E VAV U K A N S KY S I L L Geological relations and petrography
The Vavukansky sill is exposed along the Vilyuy River and its tributary the Vavukan River and has a thickness of about 100 m (Frenkel' et al., 1988) (Fig. 4) . A representative section is exposed in two large outcrops. The sill has a chilled margin at the roof. The lower contact is not exposed, but fine-grained dolerite indicates its proximity to the footwall. The sill thus preserves an almost complete rock sequence. The texture of the dolerite changes from ophitic ( Fig. 3a) at the base and top to sub-ophitic ( Fig. 3d ) in the interior of the sill. Ophitic dolerite consists of euhedral to subhedral plagioclase (59^63 vol. %), olivine (10^23 vol. %) and interstitial clinopyroxene (19^25 vol. %) and orthopyroxene (1^8 vol. %). Clinopyroxene forms oikocrysts up to 1cm across that surround euhedral plagioclase and subhedral olivine (Fig. 3a) . This rock has therefore been interpreted as a plagioclase^olivine cumulate (Frenkel'et al., 1988) . In contrast, clinopyroxene in the subophitic dolerite (pl 54^62 vol. %; ol 4^6 vol. %; cpx 22^36 vol. %; opx 3^10 vol. %) forms subhedral prismatic crystals (Fig. 3d ). For this reason the sub-ophitic dolerite has been regarded as a plagioclase^olivine^clinopyroxene cumulate (Frenkel' et al., 1988) . Thus, the transition from ophitic to sub-ophitic dolerite in this and the two other sills is interpreted as marking the appearance of cumulus clinopyroxene. However, this transition is not marked by an expected increase in clinopyroxene content, which is almost constant throughout the entire sill (Fig. 4) . It is therefore not inconceivable that at least some clinopyroxene oikocrysts are a result of heteradcumulus growth, and ophitic dolerite can therefore also be considered as a plagioclaseô livine^clinopyroxene cumulate. It should be noted that both ophitic and sub-ophitic dolerites are orthocumulates with large fractions of interstitial material. Crystals of plagioclase are normally zoned and are more euhedral than clinopyroxene and olivine (Fig. 3f) . Olivine occurs as small (0·2^0·3 mm) equidimensional grains at the base and top of the sill, and as larger (1mm) subhedral grains in the interior part of the sill. Orthopyroxene forms rare equant crystals 0·3^0·5 mm across. Small amounts of interstitial Fe^Ti oxides occur in both varieties of dolerite.
Whole-rock and mineral chemistry
In terms of petrography and whole-rock chemistry, the sill can be subdivided into floor and roof sequences that meet at a Sandwich Horizon (Fig. 4) . The floor sequence of the sill comprises a basal reversal and a Layered Series, whereas the roof sequence includes a top reversal and an Upper Border Series. The subdivisions of the floor and roof sequences are based on the lower and upper crossover points exhibiting the most primitive rock compositions in the sill. The compositional profile of the Vavukansky sill can thus be defined as M-shaped (Fig. 1) . The basal reversal of the sill shows a remarkable reverse fractionation trend in terms of whole-rock major and some trace elements. The reversal is particularly well defined by the upward increase in whole-rock MgO (from 7·5 to 10·32 wt %), Mg-number [100Mg/(Mg þ Fe)] (from 53 to 64 at. %), and normative An content [100An/(An þ Ab)] (from 60 to 71mol %) (Fig. 4) . The reversal is also evident in an upward increase in compatible elements (e.g. Ni) as well as a decrease in incompatible components (K 2 O, TiO 2 , and V), although their lowest values do not necessarily coincide with the lower crossover point as defined by wholerock MgO. From the lower crossover point upwards, the rocks become gradually more evolved, culminating in the Sandwich Horizon (Fig. 4) . The top reversal and upper crossover point are less well defined but nevertheless are apparent. For instance, through the top reversal there are inward increases in whole-rock MgO from 6·5 to 7·8 wt %, Mg-number from 49 to 55 at. %, and normative An content from 57 to 60 mol % (Fig. 4) .
The compositional variations in minerals are comparable with the whole-rock chemical trends. Only cumulus plagioclase and olivine can be used for examining the fractionation trends through the entire section of this and the two other dolerite sills. Clinopyroxene is not suitable because in the ophitic dolerites of the sill it is an intercumulus mineral and therefore reflects the evolution of the interstitial liquid rather than the bulk of the magma in the sill. Additional complication comes from the fact that the compositions of the liquidus minerals have been modified by reaction with trapped interstitial melt (e.g. Barnes, 1986) . This is especially pertinent for olivine, whose primary composition can be altered during the course of just hours to days (Chakraborty, 1997) . For this reason, the usefulness of olivine is also limited. Thus, only plagioclase, for which chemical diffusivity is extremely low, preserves its An-rich liquidus compositions in the cores of crystals during the crystallization of the interstitial melt (e.g. Morse, 1984) .
The most important observation is that the composition of plagioclase cores defines a clear M-shaped profile (Fig. 5) . The basal and top reversals are accompanied by inward increases in the An content of plagioclase cores; from An 63 to 82 at the base and from An 63 to 80 at the top. In contrast, plagioclase cores in the Layered and Upper Border Series show inward decreases in An content, with the most evolved plagioclase (An 55^58) occurring in the Sandwich Horizon. Plagioclase is invariably normally zoned, with An-rich cores passing into An-poor rims with compositional differences of up to 20 An (Fig. 5) . This difference seems to remain fairly constant throughout the sill and hence highlights the M-shaped profile. The preserved zoning implies that the M-shaped profile in the composition of the plagioclase cores must be primary in origin. In contrast to plagioclase, olivine does not show a distinct M-shaped compositional profile (Fig. 5) . This is probably because the original composition of the olivine has been substantially changed by re-equilibration with the interstitial melt. Three lines of evidence support this inference. First, olivine crystals preserve no chemical zonation, their cores and rims have essentially the same composition. Second, it is well known that in mafic systems olivine is generally characterized by an Mg-number 3^5% lower than coexisting clinopyroxene. In this case this difference is exceptionally large and is more than 20% (Fig. 5) . Third, the chilled margins contain olivine with the highest Mg-number (72^77 at. %) in the sill. These highly magnesian olivines probably retain their original compositions owing to rapid crystallization. Surprisingly, the variations in composition of intercumulus and cumulus clinopyroxene present an almost M-shaped profile (Fig. 5) . It should be noted, however, that clinopyroxene with the highest Mg-number (80 at. %) is not at the lower crossover point but at the transition from intercumulus clinopyroxene in ophitic dolerite to cumulus clinopyroxene in sub-ophitic dolerite. It is possible that the same would be found in the upper part of the sill, if the samples had been closer. Clinopyroxene is always normally zoned, with high Mg-number cores passing into low Mgnumber rims with compositional differences of up to 20% (Figs 5 and 6 ). Clinopyroxene oikocrysts in the ophitic dolerite show gradual reductions in Mg-number from the core to the rim of the grains (Fig. 6 , BB-139, BB-118). Subhedral crystals of clinopyroxene from the sub-ophitic dolerite tend to have cores with nearly constant Mgnumber and a rim with a sharp decrease in Mg-number (Fig. 6, BB-132 ). Clinopyroxene is also normally zoned in terms of Cr 2 O 3 content that strongly decreases from cores to margins. Similar chemical zonation in clinopyroxene was previously noted by Koptev-Dvornikov et al. (1996) in this sill. The preserved chemical zonation indicates that the cores of clinopyroxene retain liquidus compositions. This gives us a reference point for estimating post-cumulus changes in the composition of olivine.
T H E KU Z ' M OV S KY S I L L Geological relations and petrography
The Kuz'movsky dolerite sill is located in the valley of the Podkamennaya Tunguska River. It has a thickness of about 85 m and is exposed from base to top (Frenkel'et al., 1988) (Fig. 7) . The sill is intruded into marls and preserves chilled margins at both the floor and roof. The texture of the dolerites in the sill changes from ophitic at the base and top to sub-ophitic in the interior. Ophitic dolerite consists of euhedral to subhedral plagioclase (55^62 vol. %) and olivine (9^20 vol. %) with interstitial clinopyroxene (18^22 vol. %) and orthopyroxene (2^8 vol. %). Clinopyroxene forms oikocrysts up to 1cm across that contain numerous grains of plagioclase and olivine. Orthopyroxene and Fe^Ti oxides mainly occur between clinopyroxene oikocrysts. Sub-ophitic dolerite consists of euhedral plagioclase (55^60 vol. %), subhedral olivine (5^13 vol. %), clinopyroxene (24^26 vol. %) and interstitial orthopyroxene (2^7 vol. %) (Fig. 3c) . The stratigraphy of the Kuz'-movsky sill is thus similar to that of the Vavukansky sill. Plagioclase is evenly distributed in both types of rock and forms euhedral tabular crystals about 0·5^1·0 mm long with well-developed magmatic zoning. Olivine forms small equidimensional crystals at the base and top of the sill and large subhedral grains in the interior part of the sill. Orthopyroxene forms small crystals (0·1^0·3 mm) with exolution lamellae of clinopyroxene. Quartz appears in the sub-ophitic dolerite in trace amounts and forms angular grains less than 0·1mm across. 
Whole-rock and mineral chemistry
The Kuz'movsky sill can be subdivided into floor and roof sequences that meet at a Sandwich Horizon (Fig. 7) . The floor sequence of the sill comprises a basal reversal and a Layered Series whereas the roof sequence consists of only an Upper Border Series. The boundary between the basal reversal and the Layered Series is marked by the most primitive rocks in the sill (the lower crossover point) and also by the change from ophitic to sub-ophitic dolerite. The basal reversal in this sill is characterized by an upward increase in MgO (from 7·8 to 11·9 wt %), Mg-number (from 55 to 65 at. %), normative An content (from 60 to 67 mol %) and Ni (from 129 to 242 ppm) (Fig. 7) . The reverse trend is also marked by an upward decrease in SiO 2 from 50 to 48 wt %, K 2 O from 1·1 to 0·3 wt %, TiO 2 from 1·28 to 0·85 wt %, and V from 250 to 190 ppm (Fig. 7) . Above the lower crossover point, the rocks of the sill become increasingly more evolved in terms of all these indices up to the Sandwich Horizon (Fig. 7) . The compositional profile of the sill can thus be described as S-shaped (Fig. 1) . The composition of cores and rims of plagioclase crystals in the Kuz'movsky sill also define an S-shaped profile. Plagioclase cores show a systematic upward increase in An content from 72 to 84 at. % up to the lower crossover point and then a decrease through the Layered Series, with the most evolved plagioclase (An 58^59) occurring in the Sandwich Horizon (Fig. 8) . Plagioclase is normally zoned with compositional differences between cores and rims of up to 10^20% An. The difference remains fairly constant throughout the entire sill and hence highlights the S-shaped profile. S-shaped profiles are less obvious in the compositions of clinopyroxene and olivine. This is not surprising because there are two varieties of clinopyroxene (intercumulus and cumulus) and because the composition of olivine has been modified by reaction with crystallizing interstitial melt. The latter is clearly indicated by the low Mg-number (55 at. %) of olivine compared with that of coexisting clinopyroxene (75 at. %) in the basal reversal (Fig. 8) .
Mafic minerals in the lower chilled margin have anomalous compositions. Here, olivine has a much higher Mgnumber (79^81 at. %) than clinopyroxene (60^65 at. %), opposite to what one normally expects for these coexisting minerals. In addition, plagioclase in the chilled margin has a significantly higher An content (77^80 at. %) than in the adjacent sample (64^71 at. %). This is not the case in the chilled margins of the other dolerite sills (Fig. 5) . The simplest explanation for this anomaly is that both plagioclase and olivine are xenocrysts entrained with the first batch of magma that filled the sill. It should be noted, however, that no plagioclase or olivine crystals of different size and/or composition are observed elsewhere in the Kuz'movsky sill, indicating that a major batch of magma from which it was formed was probably very poor in phenocrysts, if not free of phenocrysts.
T H E V I LY U Y S KY S I L L Geological relations and petrography
The 160 m thick Vilyuysky sill is exposed on the right bank of the Vilyuy River (Frenkel' et al., 1988) . The sill is sandwiched between sandstones and overlying basalts. Only the floor of the sill is exposed; the roof is eroded and covered by basaltic talus. At the base there is a chilled margin. As in the other two dolerite sills, the texture of the dolerite changes from ophitic at the base and top to sub-ophitic in the interior of the Vilyuysky sill. Ophitic dolerite consists of plagioclase (60^65 vol. %), clinopyroxene (21^28 vol. %), olivine (6^20 vol. %), orthopyroxene (0^10 vol. %) and small amounts of Fe^Ti oxides (Fig. 3b) . Interstitial clinopyroxene in this dolerite forms oikocrysts up to 1cm across that envelope euhedral plagioclase and subhedral olivine. Sub-ophitic dolerite consists of plagioclase (59^69 vol. %), clinopyroxene (25^33 vol. %) olivine (5^17 vol. %), and orthopyroxene (0^8 vol. %). Clinopyroxene in sub-ophitic dolerite forms subhedral crystals. The stratigraphy of the Vilyuysky sill is thus similar to that of the other two dolerite sills studied. Plagioclase in both ophitic and sub-ophitic dolerite forms euhedral tabular crystals about 0·3^1mm long with welldeveloped normal zoning (Fig. 3f) . Olivine occurs as small subhedral grains 0·1^0·2 mm across in the basal part of the sill, and as large subhedral grains 1^1·5 mm in diameter in the upper part of the sill. Orthopyroxene forms rare anhedral grains of 0·3^0·5 mm across.
Whole-rock and mineral chemistry
The Vilyuysky sill can be subdivided into floor and roof sequences that meet at a Sandwich Horizon (Fig. 9) . The floor sequence includes a basal reversal and a Layered Series, whereas the roof sequence comprises only an Upper Border Series. The boundary between the basal reversal and the Layered Series runs through the lower crossover point. The sill lacks a top reversal and an upper crossover point. They were either eroded away or never developed. The sill reveals a typical S-shaped compositional profile, with a well-developed basal reversal showing a systematic upward increase in MgO (from 8 to 11·4 wt %), Mg-number (from 57 to 65 at. %), normative An content (from 65 to 71 at. %) and Ni (from 136 to 266 ppm) (Fig. 9 ). In addition, there is a systematic upward decrease in incompatible elements through the basal reversal. For instance, K 2 O decreases from 0·35 to 0·20 wt %, TiO 2 from 1·1 to 0·69 wt %, V from 225 to 172 ppm, La from 7·5 to 4·57 ppm, Zr from 84 to 52 ppm, Y from 23 to 14·7 ppm and Nb from 4 to 2·5 ppm (Figs 9 and 10) . Above the lower crossover point, all these parameters show that the rocks become increasingly more evolved up to the Sandwich Horizon (Figs 9 and 10) .
Minerals in the Vilyuysky sill reveal compositional variations that can only partly be described as S-shaped (Fig. 11) . Both plagioclase and olivine and, to some extent, clinopyroxene exhibit systematic reverse trends from the base to the lower crossover point. In particular, plagioclase cores increase in An content from 70 to 84 at. %, the Mgnumber of olivine increases from 53 to 69 at. %, and the Mg-number of clinopyroxene cores increases from 74 to 84 at. %. However, throughout the overlying Layered Series all these minerals show little systematic change in these parameters, even though normative An content and whole-rock Mg-number show pronounced and systematic upward decreases (Fig. 9) . This discrepancy reveals an important issue: whole-rock compositional trends in mafic sills may be decoupled from mineral compositional trends. This is indicative that specific conditions, at present poorly understood, prevailed during the formation of some dolerite sills. It should also be noted that the chilled margin contains high Mg-number (78 at. %) olivine that can probably be considered as the primary composition.
D I S C U S S I O N
There are several proposed explanations for whole-rock S-and M-shaped profiles in mafic sills and layered intrusions. They fall into three principal groups that are discussed below, with special attention paid to the relationships between whole-rock and mineral compositional trends. The key point is that S-shaped whole-rock compositional profiles are not necessarily accompanied by S-shaped mineral compositional trends. In fact, most genetic models predict that mineral compositional trends will be not S-shaped and this provides an effective method for testing the alternative models.
Current closed-system models for the formation of S-and M-shaped compositional profiles Crystal settling
The crystal settling hypothesis regards whole-rock Sshaped profiles in sills as due to the gravitational accumulation of crystals (e.g. olivine) either already present in the magma as phenocrysts at the time of emplacement (Marsh, 1989; Ubide et al., 2012) or that grew in the magma after intrusion (Frenkel' et al., 1989; Worster et al., 1993; Ariskin & Yaroshevsky, 2006; Lo¤ pez-Moro et al., 2007) . This hypothesis suggests that an upward increase in whole-rock MgO can be a consequence of a decreasing solidification rate that ensures a progressive increase in the number of crystals able to settle to the bottom of the magma body (Fig. 12a) . In other words, basal reversals are regarded as mixtures of melt and accumulated crystals that gradually increase in abundance upward. The efficacy of this interpretation has been illustrated by the numerical modeling of the same dolerite sills (Frenkel' et al., 1989; Ariskin & Yaroshevsky, 2006) as those described here. However, this modeling has been successful in reproducing only the S-shaped whole-rock compositional profiles. Mineral compositions were not involved in the modelling. Meanwhile, the model predicts that minerals must either have constant composition (if they are intratelluric phenocrysts) or become more evolved in composition (if they crystallized from the intruded magma) across the marginal reversal. This tendency must be followed by increasingly more evolved compositions through the Layered and Upper Border Series with a culmination in the Fig. 9 . Simplified section through the Vilyuysky dolerite sill showing its stratigraphic subdivision and S-shaped profiles in modal composition and whole-rock geochemistry. The sill is subdivided into floor and roof sequences that meet at a Sandwich Horizon. The floor sequence of the sill comprises a basal reversal and a Layered Series, whereas the roof sequence consists only of an Upper Border Series. The bold continuous vertical lines give the distribution of cumulus (liquidus) minerals. Major-and trace-element data are given in Table 2 and Appendix 3.
Sandwich Horizon (Fig. 12a) . In other words, no reverse trends in mineral composition are to be expected in the framework of this hypothesis. This is not, however, consistent with our observations: all of the dolerite sills studied show a remarkable inward increase in the An content of plagioclase and to some extent in the Mg-number of olivine and clinopyroxene through their basal and top reversals ( Figs 5, 8 and 11 ). In addition, no olivine and plagioclase crystals of different size and/or composition have been observed in the studied sills, indicating that their parental magma contained very few, if any, phenocrysts that could result in a whole-rock S-shaped profile.
Compositional convection
S-and M-shaped whole-rock compositional profiles in sills have been attributed to the convective flux of chemical components into and out of a crystal mush within a thermal boundary layer during in situ crystallization (Jaupart & Tait, 1995; Tait & Jaupart, 1996; Latypov, 2003; Latypov & Chistyakova, 2009 ). Compositional convection allows continuous exchange between melt in the crystallizing boundary layer and the main magma reservoir. In this process dense refractory components are transported from the main magma body into the cumulus pile while excluded low-temperature components are moved in the opposite direction. The hypothesis implies that an upward increase in whole-rock MgO in basal reversals is a result of a decreasing solidification rate that gives rise to a reduction in the amount of melt trapped in the rocks. An S-shaped profile (Fig. 12b) was successfully reproduced numerically in a hypothetical intrusive sheet on this basis by Kuritani (1999) , but again without consideration of mineral compositions. The hypothesis predicts, however, that minerals must become progressively more evolved from both margins inwards, with the most evolved compositions occurring in a Sandwich Horizon (Fig. 12b) . This consequence of the hypothesis is not compatible with the mineral compositional trends observed in the compositional reversals in the dolerite sills we have studied (Figs 5, 8 and 11) .
Redistribution of interstitial melt
One explanation for the origin of whole-rock S-shaped profiles in sills appeals to the redistribution of interstitial melt during solidification. Boudreau & Philpotts (2002) have shown that compaction may result in such a profile Table 2 and Appendix 3.
JOURNAL OF PETROLOGY VOLUME 54 NUMBER 10 OCTOBER 2013 because it works differently in the upper and lower boundary-layer crystal mushes in a sill cooled from both above and below. The solid fraction in the lower boundary layer increases as a result of concurrent compaction and solidification. In contrast, the uppermost part of the upper boundary undergoes dilation of the solid matrix, causing the influx of interstitial melt from below and leading to the formation of a whole-rock S-shaped profile in compatible elements, such as MgO (Fig. 12c) . This process has been modeled using the MELTS algorithm coupled with compaction-driven heat and mass transport equations (Boudreau & Philpotts, 2002) . Another hypothesis invokes post-emplacement porous melt flow driven by buoyancy in a porous crystalline mush (Aarnes et al., 2008; Galerne et al., 2010) . The hypothesis implies that magma fractionation mostly takes place at a late stage in the cooling of mafic sills when they are partly crystalline. It is claimed that flow of interstitial melt driven by forces related to the particular geometry of the sill may result in post-emplacement differentiation and the formation of an S-shaped whole-rock profile, but details of the process have yet to be presented (Galerne et al., 2010) . Both models imply that the compositions of minerals must be essentially constant throughout the entire section of the intrusive bodies, which is clearly not the case with the dolerite sills studied here (Figs 5, 8 and 11) .
Open-system evolution of M-and S-shaped compositional profiles
It follows from the above that none of the existing models provides a satisfactory explanation for mafic sills in which both rocks and minerals show similar S-or M-shaped compositional profiles. The major reason for this failure appears to be the fact that all of these models consider mafic sills as crystallizing from basaltic magma in a closed system. However, the reverse trends in the composition of minerals, especially plagioclase, in the basal and top reversals are difficult to reconcile with any closedsystem model, as minerals cannot become more primitive during fractional crystallization. The only way to explain the observations from the Siberian sills is magma inflow, at least during the formation of the reversals. This idea Fig. 11 . Variations in mineral compositions through the Vilyuysky dolerite sill. In the basal reversal, all minerals tend to become more primitive upwards as indicated by an increase in An content of plagioclase and Mg-number of olivine and clinopyroxene. However, in the Layered Series the minerals show little tendency to more evolved compositions upwards. Representative microprobe analyses are given in Table 1 . Grey lines give the mean compositions of the cores of crystals. It should be noted that olivine with the highest Mg-number probably retains its original composition owing to rapid crystallization. Fig. 12 . S-shaped profiles in mafic sills can result from crystal settling (a), compositional convection (b), and compaction (c). In (a) the S-shaped profile may be a consequence of the settling of phenocrysts (Marsh, 1989; Ubide et al., 2012) or crystals that grew after magma emplacement (Frenkel'et al.,1989; Worster et al., 1993; Ariskin & Yaroshevsky, 2006; Lo¤ pez-Moro et al., 2007) . In (b) the S-shaped profile is attributed to a convective flux of chemical components into and out of a crystal mush within a thermal boundary layer (Jaupart & Tait, 1995; Tait & Jaupart, 1996; Latypov, 2003; Latypov & Chistyakova, 2009 ). In (c) the S-shaped profile is a result of the competition between compaction and solidification in the lower and the upper parts of the sill (Boudreau & Philpotts, 2002) . It should be noted that all hypotheses predict an S-shaped profile in whole-rock compositions, but not in the primary composition of plagioclase and olivine. The final composition of olivine may exhibit an S-shaped profile owing to reaction with interstitial melt (trapped liquid shift). was inspired by our recent studies of basal reversals in mafic^ultramafic sills and layered intrusions (Latypov et al., 2011; Egorova & Latypov, 2012a , 2012b Latypov & Egorova, 2012) . These studies have indicated that basal reversals are mainly the result of the filling of magma chambers. We have suggested that the rocks in basal reversals become more primitive owing to (1) the magma that filled the chamber becoming progressively more primitive, (2) a decrease in the rate of crystallization and hence a gradual approach to chemical equilibrium among the phases, and (3) an increase in the proportion of cumulus minerals in successive rocks (Latypov et al., 2011) . Accordingly, we suggest that mafic sills do not form instantaneously at their present size from a single pulse of parental magma of uniform composition. Rather, they pass through an initial stage when they gradually inflate, with the inflowing magma becoming increasingly more primitive with time ( Fig. 13 ) in response to partial crystallization of the parental magma along the walls of the feeder conduits (Latypov et al., 2011; Egorova & Latypov, 2012a , 2012b . As a result, minerals crystallizing from the inflowing magma on the floor and roofs of sills will become more primitive inwards. In particular, plagioclase and olivine will show inward increases in An content and Mg-number, respectively ( Fig. 13a and b) . In other words, the reversals essentially fossilize a systematic change in the composition of the influxed magma. This happens because inflation occurs slowly enough for the crystallization front to advance fast enough to freeze in the variable influx. An older fractionation history of the injected magmas thus becomes preserved in reversals. Another implication of the cooling front keeping up with the inflation rate is that the magma solidifies too fast for compaction to be effective, explaining the lack of evidence for compaction in the sills. It should be noted that if inflation were fast then the thermal mass of the intrusion would retard the solidification front and the basal gradient would be not preserved.
An additional factor that may have contributed to the formation of reverse compositional trends in minerals of marginal reversals is a gradual decrease in the degree of magma undercooling (Wager & Brown, 1968, p. 517) . The proportion of cumulus minerals in progressively forming rocks can also increase away from intrusive contacts to give rise to the basal reversals in terms of whole-rock composition. It should be noted that although crystallization takes place at both the roof and the floor, the top reversal is commonly much thinner and shows less primitive compositions than the basal reversal. This may be because crystals growing under the roof are gravitationally unstable and will therefore be preferentially entrained and removed from the sill by through-flowing magma. Only crystals that grow during the initial stage from the most evolved magmas will be trapped by rapid solidification at the roof. As a result, the top reversal is relatively thin and evolved in composition. There is little probability that the entrained crystals will settle to the floor because the velocity of the magma flowing along the sill (0·5^5 m s À1 ; Turcotte, 1987) is generally much higher than that of gravity-induced settling of crystals (50·00005 m s
À1
; Wager & Brown, 1968) .
The filling of a sill culminates with a major influx of the most primitive magma that leads to its rapid inflation to its final size (Fig. 13b) . When the filling of a sill with this last magma pulse ends, closed-system fractional crystallization becomes the predominant mechanism of differentiation (Fig. 13c) . The onset of this stage is marked by crossover points displaying the most primitive mineral and rock composition in the sill. Subsequently, olivine and plagioclase become more evolved in composition inwards, as observed in the Layered and Upper Border Series. Although the magma crystallizes at both margins, the crystallization front at the roof will advance more slowly than that at the base owing to either convection keeping the thermal boundary layer thin (e.g. Jaupart & Tait, 1995; Tait & Jaupart, 1996) or crystals settling out of the upper boundary layer (e.g. Morse, 1986 Morse, , 1988 Frenkel' et al., 1988 Frenkel' et al., , 1989 . In the resulting sill, the floor sequence is characteristically about 6^7 times thicker than the roof sequence (Jaupart & Tait, 1995) . The subsequent reaction of olivine with trapped melt will change its original composition but will not eradicate the M-shaped compositional profile. The ultimate result emerging from this model is the generation of a sill with M-shaped profiles in terms of both mineral and whole-rock compositions, as observed in the stratigraphic section of the Vavukansky sill (Figs 4 and 5) . If the top reversal for some reason does not develop or is destroyed by inflowing magmas by melting or stoping, then the resulting compositional profile will be S-shaped, as observed in the stratigraphic section of the Kuz'movsky sill (Figs 7 and 8) . In other words, the S-shaped profile can be regarded as a variant of an M-shaped profile lacking a top reversal. The evolution of the Vilyuysky sill did not follow the scenario outlined above. Its initial development can also be attributed to the emplacement of magma that became (Table 3) to an extent resulting in the maximum An content of plagioclase cores observed in each sample from the basal reversals. Calculations were carried out using the software package COMAGMAT (Ariskin et al., 1993; Ariskin & Barmina, 2004) . The lowermost sample of the Kuz'movsky dolerite sill (b) is excluded from consideration because of its anomalous composition (Fig. 8) . Results of calculations are given in Supplementary Data Appendix 4. (See text for further discussion.) increasingly more primitive with time ( Fig. 13a) , but subsequently another process resulted in the minerals maintaining almost constant composition while the rocks became more evolved upwards. Currently, we do not have an adequate explanation for this petrological puzzle. One possible hypothesis is that magma emplacement in this case did not cease at the lower crossover point, but that magma of essentially the same composition continued to flow into the sill. This may explain why minerals hardly evolved during the formation of the Layered Series (Fig. 11) . If this is true, then the whole-rock compositional trends (Figs 9 and 10) can only reflect an increasing Fig. 15 . Plots showing the stratigraphically constrained changes in composition of the inflowing magmas (SiO 2 , MgO and TiO 2 ) that produced basal reversals in the three Siberian dolerite sills. The compositions of the inflowing magmas were derived from the parental magmas (Table 3) by fractional crystallization that took place to an extent resulting in the maximum An content of plagioclase cores observed in each sample from the basal reversals. Calculations were carried out using the software package COMAGMAT (Ariskin et al., 1993; Ariskin & Barmina, 2004) . The lowermost sample of the Kuz'movsky dolerite sill (b) is excluded from consideration because of its anomalous composition (Fig. 8) . Results of calculations are given in Supplementary Data Appendix 4. (See text for further discussion.) amount of trapped melt in the rocks and not a progressive change in the composition of the residual melt. This implies that the proportion of evolved rims on minerals must become more abundant towards the top of the Layered Series to allow the whole-rock composition to change while the cores of crystals have constant compositions. Our petrographic observations provide some support for this interpretation although a more detailed microprobe study is required to test this idea rigorously.
Some quantitative aspects of open-system crystallization Inflowing magma compositions in basal reversals
It is interesting to examine how the inflowing magma changed its composition to result in the observed regression in mineral compositions through the basal reversals in the studied sills. As a reference point we will take the maximum An content of plagioclase cores, which best preserve their primary liquidus composition (Figs 5, 8 and 11) . Our hypothesis implies that the inflowing magmas had experienced a decreasing amount of fractional crystallization in the feeder system. The most primitive magma that arrived in the sill ultimately led to the formation of the Layered and Upper Border Series and is probably close to the composition of the parental magma. Based on this premise, the bulk composition of these two series can be taken as an approximation to the parental magma for the dolerite sills (Table 3) . Using the software package COMAGMAT (Ariskin et al., 1993; Ariskin & Barmina, 2004) , we can then estimate the extent to which the parental magmas of these three sills must have been fractionated to reach the maximum An content of plagioclase cores in the basal reversals. With allowance for the relatively shallow setting of the sills, pressure was assumed to be 1 kbar, oxygen fugacity was taken to be at the quartz^fayalitem agnetite (QFM) buffer and water content was assumed to be less than 1wt % in these simulations. Figure 14 shows a case with perfect matches between the compositions of the modeled plagioclase and the actual plagioclase in the corresponding samples of the basal reversals. With an inward increase in the temperature of the crystallizing magma, the mineral assemblages in all reversals change from olivine gabbro cotectic (plagioclase, olivine and clinopyroxene) towards troctolitic cotectic (plagioclase and olivine), with all minerals becoming increasingly more primitive in this direction. Figure 15 shows that the estimated amount of parental magma fractionation in this process decreases from about 35^47% at the chilled margins to zero at the lower crossover point. During this process the reconstructed magma compositions become increasingly more primitive; for instance, in the Kuz'movsky dolerite sill, SiO 2 decreases from 52·5 to $51·0 wt %, MgO increases from 4·5 to $8 wt %, and TiO 2 decreases from 1·8 to 1·25 wt %. The implication of these results is that the extent of fractional crystallization in the conduit systems must have been substantial (and efficient) to result in the changes in mineral and rock compositions observed in the basal reversals of the dolerite sills studied. Fig. 16 . Stratigraphic variations in residual porosity (the amount of trapped melt) in rocks from the basal reversals of the Siberian dolerite sills. The residual porosity (filled circles) was calculated using the following equation (Morse, 1979 (Morse, , 2012 :
where Pr is residual porosity (%) and An range ¼ (An max À An min ) in each sample (mol %). An max and An min are from plagioclase cores and rims respectively. Also shown are residual porosities (open circles) obtained by trial and error as better reproducing the compositional variations in Figs 17 and 18. Apart from a few samples from the bottoms and tops of the sections, the limited variations in estimated residual porosities through the basal reversals indicate that trapped melt was not an important factor in their formation. The lowermost sample from the Kuz'movsky dolerite sill (b) is excluded from consideration because of its anomalous composition (Fig. 8) . Another important implication is that chilled margin rocks are not representative of parental magma compositions. Rather, they are the quenched leading edge of evolved magma resulting from fractional crystallization of the parental magma in the feeder channels (see also Egorova & Latypov, 2012a) .
The amount of trapped melt in basal reversals
The basic tenet of all existing models for the origin of Sshaped profiles in mafic sills (Fig. 12) is that basal reversals are a result of an upward decrease in the amount of interstitial melt trapped in the rocks. This idea is based on decreasing concentrations of incompatible components (Figs 4, 7, 9 and 10) that are commonly taken as a proxy of the amount of trapped melt in cumulates. However, this interpretation is not valid where magmas with a different degree of differentiation are involved, as in our hypothesis. Some other independent parameter is needed to estimate the amount of trapped melt (or residual porosity) to evaluate its role in the origin of basal reversals in dolerite sills. By residual porosity, we mean the fraction of melt that is trapped when mass exchange between a crystal mush and the magma in the chamber ceases (Morse, 1986) . It has been shown that the range in An content of zoned plagioclase crystals is related to the amount of trapped melt (Morse, 1979) . In the Kiglapait Intrusion it was illustrated that there is relationship between the residual porosity and the An range of plagioclase in specimens from a section of the intrusion (Morse, 1979) . The following empirical equation was used for the estimation of the stratigraphic variation of residual porosity using maximum and minimum An [where An ¼ An/(An þ Ab) mol %] content in plagioclase crystals (Morse, 1979 (Morse, , 2012 :
where Pr is residual porosity (%) and An range is (An maxÂ n min ) in each specimen. This empirical equation is strictly valid for only the Kiglapait Intrusion and should be applied to other plutonic bodies with caution. However, for lack of a better choice, we have applied this equation to calculate residual porosity in the rocks of the basal reversals using An max in cores and An min in rims of plagioclase (Fig. 16) . The results do not show progressive changes in residual porosities through the reversals. Rather, there are plateaux at about 35^45% of residual porosity along most of the reversals, with only few samples having somewhat lower and higher values at the base and top of the reversals, respectively. In addition, we have defined by trial and error the KD for REE for ol, pl and cpx are from McKenzie & O'Nions (1991) . *KD(bulk) ¼ 0·1KD(ol) þ 0·6KD(pl) þ 0·3KD(cpx) À olivine gabbro cotectic. yKD(bulk) ¼ 0·3KD(ol) þ 0·7KD(pl) À troctolitic cotectic. zThe parental magma is calculated as bulk composition of the Layered and Upper Border Series. All concentrations are in ppm. §KD for ol and pl are from Dunn & Sen (1994) ôKD for cpx are from Hart & Dunn (1993) .
residual porosity that better reproduces the major (Fig. 17 ) and trace element (Fig. 18) variations observed in the basal reversals. The two sets of residual porosities are slightly different in absolute values, but similar in showing no systematic changes through the reversals. This confirms our inference that variations in the amount of trapped liquid are probably not a main factor in the origin of basal reversals in the studied dolerite sills. This also means that the upward decrease in incompatible components observed in basal reversals (Figs 4, 7, 9 and 10) is not a reflection of the amount of trapped melt in the rocks, but rather is a consequence of their formation from increasingly more primitive magmas (Fig. 15 ). This is a very important inference when interpreting compositional trends in the marginal parts of mafic sills and layered intrusions.
Modeling of compositional trends in basal reversals
Rocks in the basal reversals are mixtures of cumulus phases and trapped liquid that occurred in specific proportions with particular initial compositions. Cumulus phases are crystallizing minerals from the inflowing magmas.
Both the relative proportions of minerals in the assemblage and their compositions are obtained as above (Fig. 14) . Trapped liquids are taken as inflowing magmas whose composition ( Fig. 15 ) and relative proportions with respect to cumulus minerals (Fig. 16 ) in each sample are also already defined. If the underlying postulates of our model are correct, then the summation of the cumulus phases and trapped liquids in each sample should give us compositions reproducing the chemical trends observed in the basal reversals. Following this procedure we have obtained a reasonably good match between real and modeled rocks in the reversals in terms of all major oxides, with three of them (SiO 2 , MgO and TiO 2 ) shown for illustration purposes in Fig. 17 . Our model can be further tested using the REE data available for the Vilyuysky sill (Fig. 10) . The budget of any strongly incompatible element (e.g. La, Zr, Y and Nb) in cumulate rocks is primarily controlled by the amount of trapped liquid. The concentrations of these elements in cumulus phases are negligible and can therefore be ignored in the calculations. From the estimated concentration of incompatible elements in the parental Fig. 19 . Generalized section through a mafic^ultramafic sill with M-shaped mineral and rock compositional profiles. The sill is subdivided into floor and roof sequences that meet at a Sandwich Horizon. The floor sequence of the sill comprises a basal reversal and a Layered Series, whereas the roof sequence contains a top reversal and an Upper Border Series. The floor and roof sequences are subdivided by the lower and upper crossovers exhibiting the most primitive mineral and rock compositions in the sill. Our interpretation implies that top and basal reversals were the result of crystallization as inflowing magmas became progressively more primitive. In contrast, the Layered and Upper Border Series were the result of closed-system fractional crystallization. S-shaped compositional profiles can be regarded as a variety of M-shaped ones in which a top reversal was either destroyed or never developed.
magma (Table 4 ) and its degree of fractionation prior to emplacement (Fig. 15) , we can easily calculate the concentration of incompatible elements in the inflowing magma (C L ) using the Rayleigh equation
where C 0 is the concentration of an incompatible element in the parental magma, F is the fraction of parental magma remaining and KD is the bulk distribution coefficient of the fractionating assemblage for the given incompatible element (Table 4) . Based on the relative proportion of trapped liquid in the rocks of basal reversals (Fig. 16) we can then calculate the expected bulk abundances of incompatible elements in these rocks (Fig. 18) . A good match between modeled and real compositional trends in both major (Fig. 17) and incompatible ( Fig. 18 ) elements is indicative of the validity of our model in explaining the origin of the basal reversals in the studied dolerite sills.
C O N C L U S I O N S
The study of three Siberian dolerite sills indicates that their coincident M-and S-shaped mineral and whole-rock compositional profiles were the result of in situ crystallization in two distinct stages (Fig. 19) . During the initial stage, the sills developed as open, slowly and then rapidly inflated systems, with the inflowing magmas becoming increasingly more primitive with time. Basal and in some cases top reversals, with minerals and rocks becoming more primitive inwards, crystallized during this stage from both margins inwards. Crossover points distinguished by the most primitive rock and mineral compositions mark the end of magma emplacement. Subsequently, during the advanced stage the sills crystallized increasingly more evolved minerals and rocks of the Layered and Upper Border Series (Fig. 19) . In situ fractional crystallization in a closed system was the predominant mechanism of differentiation during this period. The initial emplacement of increasingly more primitive magmas implies that the chilled margins of the sills are not representative of the parental magma composition and that incompatible elements in basal and top reversals cannot be used for the estimation of the amount of interstitial melt trapped in cumulates. This study indicates the need for additional detailed investigations of mineral compositions in mafic^ultramafic sills to make further progress in our understanding of the processes involved in their formation.
